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ABSTRACT Interphasic nuclear organization has a key
function in genome biology. We demonstrate that p21WAF-1, by
inf luencing gene expression and inducing chromosomal re-
positioning in tumor suppression, plays a major role as a
nuclear organizer. Transfection of U937 tumor cells with
p21WAF-1 resulted in expression of the HUMSIAH (human seven
in absentia homologue), Rb, and Rbr-2 genes and strong sup-
pression of the malignant phenotype. p21WAF-1 drastically
modified the compartmentalization of the nuclear genome.
DNase I genome exposure and fluorescence in situ hybridiza-
tion show, respectively, a displacement of the sensitive sites to
the periphery of the nucleus and repositioning of chromo-
somes 13, 16, 17, and 21. These findings, addressing nuclear
architecture modulations, provide potentially significant per-
spectives for the understanding of tumor suppression.

The concept of specific topological and functional architecture
in the organization of the genome in the nuclei of eukaryotic
cells is supported by accumulating evidence (1–3). Remodeled
chromatin has been initially detected through previous work
on DNase I hypersensitivity sites associated with gene activa-
tion (4–6). Factors involved in transcript processing are iden-
tified within discrete foci in nuclei (7, 8). Spatial rearrange-
ment of chromatin was recently observed during the cell cycle
(9, 10). Studies in Drosophila demonstrate a position effect
variegation with striking consequences on gene expression
depending upon the gene’s distance from the centromere and
its association with a block of heterochromatin (11–13).

We recently designed model systems to study tumor sup-
pression. We derived cells with a strongly suppressed malig-
nant phenotype from the malignant human erythroleukemic
cell line K562 and from the monocytic cell line U937 (14, 15).
We used the H-1 parvovirus as a tool to isolate the cells with
a suppressed phenotype from a population of malignant cells.
Although the parental cells are tumorigenic both in vitro and
in vivo, the H-1 parvovirus-selected clones (US3 and US4)
display a strongly reduced tumorigenicity. For example, U937
cells form tumors in 80% of injected sites in scidyscid mice; in
contrast, the US3 do not form any tumors at all and the US4
cells form one tumor in 20 injected sites (15). We have
identified some of the molecular events underlying tumor
suppression in these models. Importantly, these cells with a
suppressed malignant phenotype show reactivation of the
molecular pathways of tumor suppression. Whereas the K562-

derived KS clones reexpress the p53, the US3 and US4 cells
reexpress p21WAF-1 independently from the p53 pathway (14,
15).

Because p21WAF-1 is activated in different model systems of
tumor suppression and apoptosis, and considering its associ-
ation with p53 signaling and its role as an inhibitor of cyclin
dependent kinases (16–19) as well as its absence in knock-out
cells resulting in chromosomal endoreduplication (20), we
investigated its potential role—as a reorganizer of the nucle-
us—in tumor suppression.

Previously, chromosomal translocations, point mutations,
and loss of genetic material have been identified as the major
genetic alterations in cancer. In the present work, we have
identified an event associated with cancer—global disorgani-
zation of chromosomal positioning in the nucleus. This altered
nuclear architecture is shown to be reversible by p21WAF-1

during tumor suppression, including a repositioning of the
chromosomes.

MATERIALS AND METHODS

Transfections. The full-length cDNA encoding human
p21WAF-1 (generously provided by B. Weinstein, Columbia
University, New York) has been cloned into the EcoRI site of
the pBK–RSV phagemid vector (Stratagene). The constructs
were transfected using Lipofectin (GIBCOyBRL). U937 cells
(3.5 3 106) were incubated 8 h with the Lipofectin (30
mg)–DNA (20 mg) complex. Selection was done in the presence
of 1.5 mgyml of G418.

Northern Blot Analysis. RNA extraction and Northern blot
analysis were performed using standard procedures. p21WAF-1

probe corresponds to the 2.1-kb cDNA. For HUMSIAH
(human seven in absentia homologue), a 1.4-kb fragment of
the cDNA was used. The Rb probe is HP126 (Medgene). The
Rbr-2 probe is a 393-bp PCR fragment obtained with the
following primers: 59-TGGGACAGCTACCGCAGCAT-
GAGCGA-39 and 59-CACAGTACAGGGCTGTCGCCGCT-
GTT-39.

Tumorigenicity Analysis. Injection of scidyscid mice was
done as described (14). Cells (107) were injected per site.
Animals were followed for 3 months. The Mann–Whitney test
was used for the statistical analysis.

DNase I Genome Exposure. The DNase I genome exposure
assay was modified from Puck et al. (5). Cells were fixed in 4%
paraformaldehydeyPBS, dehydrated, and stored at 280°C. In
situ nick-translation (NT) was performed using 30 units ofThe publication costs of this article were defrayed in part by page charge
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DNase I (Boehringer Mannheim) in NT buffer (50 mM
TriszHCl, pH 8y5 mM MgCl2y10 mM 2b-mercaptoethanoly50
ng/ml BSA) at room temperature and 40 units of DNA
polymerase I (Boehringer Mannheim), 100 mM dNTP digoxi-
genin labeling mix (Boehringer Mannheim). DNA in situ
repair was revealed using anti-digoxigenin peroxidase conju-
gated antibodies (Boehringer Mannheim) and tyramide–
tetramethylrhodamine B isothiocyanate (DuPontyNEN) as
substrate. Slides were counterstained with chromomycin A3
(Sigma). Analysis was done by confocal scanning laser micros-
copy (MRC 600; Bio-Rad) in fluorescence mode.

Fluorescent In Situ Hybridization (FISH). FISH was per-
formed as described (21). The following probes (Oncor) were
used: chromosome 16 centromeric alphoid probe (D16Z2),
chromosome 17 centromeric alphoid probe (D17Z1), chromo-
somes 13y21 centromeric alphoid probes (D13Z1yD21Z1),
p53, and Rb. Analysis was done by epifluorescence microscopy
[with a cooled three-charged coupled device (3CCD) camera
(Lhesa France) equipped with a triple band pass] using low
numeric aperture (N.A.) lenses (340; 0.75 N.A.), digitalized in
a matrix of 768 3 512 pixels. Each pixel corresponds to a 55 3
55 nm of the object.

Image Analysis. Distance measurements were performed
using a SAMBA IPS image analysis system (Unilog, Meylan,
France). The markers were extracted by top-hat transforma-
tion, and the nuclei were segmented by thresholding the
49,6-diamidino-2-phenylindole fluorescence image. Two bi-
nary images were obtained, respectively, for markers and
nuclei. Successive erosion was used to measure the distance
between the markers and the nuclear border. The markers’
positions were determined by the intersection of their image
with the distance one. This method allows to analyze the
totality of nuclei, independently of their shape. To compensate
the differences in nuclear size, the measurements were sys-
tematically normalized by dividing each distance value by the
corresponding nuclear radius.

Model Distribution of Distances. Model curves used for
comparison with experimentally derived distances were ob-
tained by stereological simulation. The nuclei in three-
dimensional representation were assimilated to a spherical
model formed by a set of cylinders. The volume of one
elementary cylinder (vi) is related to the probability (Pi) of
markers presence by Pi 5 viyS vi.

If R is the nuclear radius, ri the cylinder radius, DR the
thickness of cylinder, and hi the height, then vi 5 P DR (2 ri 2
DR) hi.

This equation allows to trace the random distribution in a
sphere and the peripheral distribution in shells of different
thickness. With this model, the function obtained is indepen-
dent of elliptical spreading of nuclei. FISH spots at one setting
of the focus adjustment (equatorial plan) were analyzed. More
than 100 nuclei were evaluated per case.

Statistical Analysis. The nuclear radius was divided into
eight classes. Each measured distance between the nuclear
border, and the FISH signals was categorized into one of these
eight classes. The x2 test was used to probe two hypotheses. (i)
The measured distances in p21WAF-1 U937 cells were distrib-
uted in a similar way as these measured for the U937 cells
transfected with the vector alone. (ii) The measured distances
in both cell lines were distributed in a similar way as are
random points in a sphere. P , 0.001 was considered to
indicate a significant difference.

RESULTS AND DISCUSSION

p21WAF-1 Induces Specific Gene Expression and Tumor
Suppression. Parental U937 tumor cells from monocytic origin
barely express any p21WAF-1 at the mRNA or protein level. In
contrast, the daughter cell lines US3 and US4 that we derived
with a suppressed malignant phenotype express constitutively

high levels of p21WAF-1 (15). These observations led us to
investigate the effect of p21WAF-1 in stable transfected U937
cells on specific gene expression and tumor suppression. These
transfected cells (pRSV-p21) expressed high levels of p21WAF-1

at the protein level (data not shown). As shown in Fig. 1A, the
p21-transfected cells exhibit high levels of HUMSIAH. This
gene (or TSAP 3; tumor suppressor activated pathway 3) is
activated by wild-type p53 at the early onset of programmed
cell death, during physiological apoptosis and tumor suppres-
sion (15, 22). The retinoblastoma susceptibility gene Rb (23)
and the gene encoding the Rb-related p130 (Rbr-2) (24) are
also strongly activated in the p21 transfectants of U937 cells
(Fig. 1A). The expression of the p53 gene at the mRNA and
protein levels remained undetectable in both the control and
the transfectants (data not shown). We analyzed the expres-
sion of the Rb gene because of its established tumor suppres-
sive properties (23) and Rbr-2 (24), for its implication in the cell
cycle. However, the cell cycle analysis by f luorescence-
activated cell sorter in three independent experiments (using
propidium iodide) did not reveal any significant difference
between the U937 and the p21WAF-1 transfectants (typical
experiment: for U937 cells transfected with the vector alone,
in G1 65%yS 29%yG2 6% and for the p21WAF-1 transfectants
G1 64%yS 30%yG2 6%). The doubling time was also similar for
both cell lines, with 33 h for the U937 cells and 36 h for the
p21WAF-1 transfectants, respectively. Importantly, these
p21WAF-1 stable transfected U937 cells have a significantly

FIG. 1. (A) Differential expression of mRNA in control pRSV-
transfected U937 cells and p21WAF-1-expressing cells (pRSV-p21).
Northern blot analysis indicated activation of p21WAF-1, HUMSIAH,
Rb, and Rbr-2 in pRSV-p21-transfected cells compared with cells
transfected with the vector alone. Glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) is used as control probe. (B) Tumorigenicity of
U937 cells transfected with the vector alone compared with the
pRSV-p21-transfected cells after subcutaneous injection of 107 cells in
scidyscid mice. p, P value that for each point was significantly different
(P # 0.001) between the pRSV and pRSV-p21-transfected U937 cells.
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suppressed malignant phenotype (Fig. 1B). After 24 days, the
scidyscid mice injected with the U937 cells containing the
control vector alone had tumors at all sites (20y20) and of such
a volume that they had to be killed. In contrast, only 9y20
injection sites with pRSV-p21 U937 cells formed tumors.
These tumors were significantly delayed in appearance and of
much smaller volume. No new tumors were detected after an
additional 6 weeks of observation. This suppression of the
malignant phenotype corroborates previous findings where it
was demonstrated that p21WAF-1 acts as a tumor suppressor in
vivo (25). We suggest that the specific induction of gene
expression by p21WAF-1 in the present case, without important
cell cycle variations, is part of the activation of the ‘‘molecular
engine of tumor suppression’’ (14, 22).

p21WAF-1 Modulates Genomic Exposure to DNase I. We
further assessed whether p21WAF-1 has a more global role as
‘‘reorganizer’’ of the nucleus. The rationale to investigate
nuclear organization stems from a series of experiments during
the past decade (1, 2, 5, 11, 12) indicating that chromosome
positions within the nucleus may contribute to phenotypic
changes. Transcriptionally active chromatin is preferentially
sensitive to digestion by nucleases. Such chromatin usually
contains the DNase I hypersensitive sites (4). However, these
nucleosome-free DNA segments are also associated with a
series of regulatory functions in gene expression. For the
purpose of this study, we investigated the hypersensitivity to
DNase I in situ because it is a powerful tool for a global analysis
of the genome organization. The initial experiments of Puck et

al. (5) already suggested a difference between normal and
malignant cells in compartmentalization of chromatin con-
taining DNase I sensitive sites. Nevertheless, no molecular
mechanism has been hitherto suggested for these observations.
We hypothesized that p21WAF-1 might play such a role of
nuclear organizer based upon its above mentioned properties
(16–18). The most striking result is the chromosomal en-
doreduplication in p21WAF-1 knock-out cells that may repre-
sent the first step in aneuploidy, giving rise to the chromosomal
variability found in tumors (20). Studies describing the over-
expression of p21WAF-1 in transgenic mice and transfection of
human breast carcinoma cell lines indicate its involvement in
the formation of polyploid nuclei and giant cells (26, 27).

Genomic exposure studies were carried out using a nick
translation technique so as to make visible the exposed DNase
I-sensitive nuclear DNA in situ. Genomic exposure was exam-
ined by epifluorescence and confocal microscopy (Fig. 2). The
parental U937 cancer cells (Fig. 2a; U937) or those transfected
with the control vector alone (Fig. 2c; pRSV) display a diffuse
pattern such as the one observed in breast carcinoma biopsies,
specifically in the malignant cells (Fig. 2b; TUMOR). p21WAF-1

transfected U937 cells (Fig. 2c; pRSV-p21) have radical
changes in their genome exposure to DNase I, displaying a
pattern similar to the one of suppressed phenotype US3 and
US4 cells (Fig. 2a; US4), and epithelial cells of normal breast
tissue (Fig. 2b; NORMAL). p21WAF-1 induces redistribution of
DNase I hypersensitivity sites in a shell at the periphery of the
nucleus. This nuclear reorganization might be associated with

FIG. 2. DNase I genome exposure analysis using confocal microscopy. (a) The U937 cells have a diffuse pattern for the DNase I genome
exposure, whereas the US4 cells with a suppressed malignant phenotype exhibit a rim-like pattern (arrow). (b) Difference between breast cancer
cells and normal cells. The normal cells have a weak signal with a rim-like pattern (arrow). (c) U937 cells transfected with pRSV exhibit a diffuse
pattern while those expressing the p21WAF-1 (pRSV-p21) have a rim-like pattern for the DNase I sensitivity.
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the activation of genes in tumor suppression that are silenced
in the tumoral process. Although it is outside the scope of this
study to investigate the mechanisms by which p21WAF-1 induces
a reorganization of the genome, at least two hypotheses could
be considered. This nuclear reorganization, induced by
p21WAF-1 is either a direct effect or a consequence of its
function as inhibitor of cdks activity. One of the characterized
targets for mitotic cdks is the group of nuclear lamins (28).
Changes in the phosphorylation status of these nuclear lamins
might result in nuclear modifications. Because we observe an
important change in the distribution of DNase I exposure
during tumor suppression, one possible mechanism underlying
these events is the triggering, initiated by p21, of chromosomal
movements in the nucleus. We addressed this question next.

p21WAF-1 Regulates Chromosome Positioning Within the
Nucleus. For every probe used, the distance was measured
from the border of the nucleus and integrated in a model, as
exemplified in Fig. 3 for a chromosome 16 centromeric probe.
We compared U937 cells transfected with the vector alone and
the p21WAF-1 U937 transfectants regarding chromosome and
specific gene positioning within the nucleus. HUMSIAH and
Rbr-2 are colocalized on chromosome 16q12 (15, 24) whereas
Rb is located on chromosome 13q14 (29) and p53 on chromo-
some 17p13.1. Using FISH with alphoı̈d centromeric probes
corresponding to chromosomes 16, 13y21, and 17 (Fig. 4), we

found that the p21WAF-1-transfected U937 cells display a global
redistribution of the signals with a clear shift to the peripheral
region of the nucleus. This distribution of the FISH signals
corresponding to the centromeric probes is statistically differ-
ent between the tumor cells and those with a suppressed
phenotype. The x2 test is highly significant (P , 0.001). By
using specific probes for the Rb and p53 genes, we did not
observe a statistically significant difference, using the x2 test,
in distribution between the FISH spots in the pRSV alone and
the p21WAF-1-transfected cells. From a physiological point of
view, these observations are complementary to the growing
evidence for a territorial interphase chromosome organization
(1, 2, 5). Specific chromatin domains occupy distinct, nonran-
dom, spatial positions as reported previously (9, 10). Whether
there is a correlation between gene expression and chromo-
some repositioning remains to be investigated further because
some results indicate that both active and inactive genes
localize preferentially in the periphery of chromosome terri-
tories (30). Our study suggests that in the specific case of
p21WAF-1-induced tumor suppression, centromeric regions
containing noncoding genetic material are repositioned. This
repositioning of the centromeric regions of the chromosomes
analyzed above may underlie the mechanism by which the
architecture of the chromosomal territory is modified. Such
territorial modifications might influence the spatial environ-

FIG. 3. Repositioning of chromosome 16 in p21WAF-1 transfectants of U937 cells. (a and b) FISH using a chromosome 16 alphoid centromeric
probe. The nuclei of the control transfectants U937 cells (a; pRSV) and the p21 transfectants (b; pRSV-p21) are counterstained with
49,6-diamidino-2-phenylindole (blue). The FISH signal is revealed by tyramide–tetramethylrhodamine B isothiocyanate (red). Because of a trisomy
16, three spots are detected. (c) Magnification of a p21 transfected U937 with the distance code image of a nucleus (d). The successive strata (one
pixel in size) were labeled as a function of the border distance. (e) Reconstruction of nuclear volume from a 2-D image. The sphere (R, radius)
was fitted by a set of cylinders (radius 5 ri, height 5 hi, thickness 5 DR). (f) Peripheral distribution was modelized by random distribution in a
shell whose thickness was 2y10 R. (g) Model of signal distribution in shells of different thicknesses according to the distance from the nuclear border.
The blue area corresponds to the distribution of random points in a sphere.
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ment of specific genes and modulate their expression. Obvi-
ously, the precise topological conformation of genes within the
nucleus may have functional repercussions. The recent work
describing the position-effect variegation in Drosophila has
clearly demonstrated the functional importance of a specific
nuclear architecture on gene expression (11, 12).

In conclusion, using both model systems for the analysis of
tumor suppression and stable transfectants, our data indicate
that p21WAF-1 induces repositioning of genetic material within
the nucleus that is associated with potentially important reg-
ulatory functions for achieving the suppressed phenotype.
These results suggest the central role played by p21WAF-1 in
nuclear organization, chromosomal positioning, and activation
of pathways of tumor suppression.
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FIG. 4. Histograms of the signals distribution as measured from the extreme border of the nuclei. (a) Distribution of random points in a sphere.
(b–f) Distribution of the FISH signals as measured from the border of the nuclei for chromosome 16 (b), chromosomes 13y21 (c), chromosome
17 (d), p53 (e), and Rb gene (f), respectively. Comparison between the control (■) U937 pRSV transfectants and U937 pRSV-p21 transfectants
(M).
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